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Abstract 
Silicon has demonstrated great potential as anode materials for next-generation high-energy 
density rechargeable lithium ion batteries. However, its poor mechanical integrity needs to be 
improved to achieve the required cycling stability. Nano-structured silicon has been used to 
prevent the mechanical failure caused by large volume expansion of silicon. Unfortunately, 
pristine silicon nanostructures still suffer from quick capacity decay due to several reasons, 
such as formation of solid electrolyte interphase, poor electrical contact and agglomeration of 
nanostructures. Recently, increasing attention has been paid to exploring the possibilities of 
hybridization with carbonaceous nanostructures to solve these problems. In this review, the 
recent advances in the design of carbon-silicon nanohybrid anodes and existing challenges for 
the development of high-performance lithium battery anodes are briefly discussed. 
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1.  Introduction 
Lithium ion battery is the energy storage device of choice for portable electronic devices and 
electric vehicles owing to its high energy density, lightweight and longer lifespan than other 
rechargeable battery technologies [1]. In the foreseeable future, electrification of 
transportation systems demands further improvements in battery technologies, particularly in 
energy density, rate capability and cycle life [2, 3]. For lithium battery anode, further increase 
of energy density requires novel high-capacity materials since the currently used graphite is 
reaching its theoretical limit (372 mAh g
-1
) [4]. Recently, silicon has emerged as a promising 
anode material owing to its highest known theoretical capacity (~4200mAh g
-1
) [5, 6]. As 
shown in Table 1, a silicon atom can store up to 4.4 lithium atoms, while six carbon atoms in 
graphite can hold only one lithium atom [7]. However, such enormous capacity of silicon 
comes with the expense of significant structural changes, which results in severe volume 
expansion (~300%), high stresses and large material deformation [8], and quick capacity 
decay [9].  
Recently, nanostructured silicon such as silicon nanowires, nanoparticles and thin films has 
demonstrated robust lithiation behaviour when compared to bulk silicon [10-19]. The reason 
is, nano-sized materials can successfully withstand the large volume change of silicon, 
preventing structure failure [20, 21]. Another advantage of nanoscale silicon is the shorter Li-
ion transport distances, which can enhance rate capability. However, several other challenges 
exist such as formation of solid electrolyte interphase (SEI), a passivation layer developed on 
silicon surface due to decomposition of electrolyte. Due to high surface area and volume 
change, continuous SEI formation leads to irreversible capacity loss during each 
electrochemical cycle [22]. In contrast, graphite-based anode materials undergo minor 
structural changes during lithiation, with only ~10% volume expansion [8]. Also, the SEI 
layer formed on graphite is rather stable due to minor structural changes, and can act as a 
protective layer to the electrode. Also, large deformation influences the electrical contact 
between silicon nanostructures and current collector [23, 24]. In addition, electrochemical 
sintering (agglomeration of individual silicon particles when pressed together due to volume 
expansion) of nanostructured silicon cause agglomeration of particles [25], which in turn 
results in rapid capacity decay. Therefore, these issues must be addressed to realize the great 
potential of silicon nanostructured as new anode materials.  
Recently, hybridization of silicon with other materials is attracting increasing attention. For 
example, silicon nanohybrids with carbonaceous materials [26-31], conductive polymers [32, 
33] and metals [34-36] have demonstrated enhanced cycling stability compared with pristine 
silicon nanostructures. As well known, carbon is a unique material with excellent electrical 
and mechanical properties, which may be used to enhance the structure integrity of silicon 
anodes, provide effective electrical contact and prevent SEI formation. Moreover, 
carbonaceous materials may provide additional lithium storage sites.  
In this paper, recent advances of carbon based silicon nanohybrid anode materials are 
reviewed, with a focus on the electrochemical performance of these electrode materials and 
its dependence with electrode architectures. The existing challenges in the field and future 
research needs are also discussed.  
Table 1: Comparison of different anode materials for lithium ion battery. Reprinted with 
permission from [7] Copyright © 2011 Elsevier. 
 
2. Electrode design and fabrication 
In an attempt to prevent the capacity fade of silicon-based anodes, several forms of 
carbonaceous materials are used including graphene (Gr), reduced graphene oxide (rGO), 
carbon nanotubes (CNT), carbon nanofibres (CNF), amorphous carbon (a-C) and graphite. 
This section summarizes the design and fabrication of carbon-silicon nanohybrid electrodes 
and effect of carbonaceous materials on capacity enhancement.  
Materials Li C Si Sn Sb Al Mg Bi 
Density (gcm
-3
) 0.53 2.25 2.33 7.29 6.7 2.7 1.3 9.78 
Lithiated Phase Li LiC6 Li4.4Si Li4.4Sn Li3Sb LiAl Li3Mg Li3Bi 
Theoretical 
Specific Capacity 
(mAh g
-1
) 
3862 372 4200 994 660 993 3350 385 
Theoretical 
Charge Density 
(mAhcm
-3
) 
2047 837 9786 7246 4422 268 4355 3765 
Volume 
Change(%) 
100 12 320 260 200 96 100 215 
Potential vs. 
Li(~V) 
0 0.05 0.4 0.6 0.9 0.3 0.1 0.8 
2.1. Graphene (Gr)/reduced graphene oxide (rGO) based electrodes 
Since its discovery in 2004 [37], graphene has demonstrated excellent properties in advanced 
functional materials for numerous applications [38-41]. It has been used in various aspects in 
rechargeable lithium ion batteries, including silicon-based hybrid anode materials [42]. In 
general, incorporation of graphene enhances electrochemical performance of Si anodes due to 
several reasons. Graphene’s high electrical conductivity [43] facilitates electron transport, 
while its flexibility and high strength [44] provide mechanical support and buffer the volume 
expansion of Si. Also, defects and edges of graphene act as additional lithium storage sites 
[45] and facilitate Li-ion transport [46] in the anode, which improves the rate capability. 
Furthermore, graphene sheets isolate the silicon particles from electrolyte to prevent 
excessive SEI formation [47]. 
Table 2 shows a summary of several graphene/rGO-Si composites with enhanced 
electrochemical performance. Architecture of Si-Gr/rGO nanohybrids is mainly two types: (i) 
Si nanoparticles (SiNP) dispersed in 3D Gr/rGO network and (ii) Si-Gr/rGO multilayered 
thin film composites. When designing graphene-silicon nanoparticle anodes a few major 
challenges exist. One is how to achieve good dispersion of graphene and silicon to avoid re-
stacking of graphene sheets or agglomeration of silicon. Due to the inert nature of graphene, 
it is difficult to achieve a good dispersion by simple mechanical mixing [48, 49]. If silicon 
nanoparticles are not well dispersed, they are subjected to electrochemical sintering during 
charge-discharge process and tend to agglomerate [50]. Yang et.al. [51] introduced aromatic 
linkers into SiNP through diazonium chemistry to covalently anchor silicon nanoparticles 
into graphene sheets. In contrast, Ye et.al. [52] used a non-covalent anchoring method to 
effectively disperse graphene and silicon, using the electrostatic attraction by introducing 
positive and negative charges into their individual dispersions. Prolonged mechanical milling 
has also proven to be beneficial to achieve a good dispersion of nanoparticles [53, 54].  
Use of graphene oxide (GO) can give effective solution for the dispersion problem, via 
covalently anchoring silicon particles to the functional groups available in GO. GO easily 
disperses in water and other solvents [55, 56], enabling easy mechanical mixing followed by 
freeze drying [57-59] to achieve well-dispersed SiNP/GO structures. Further improvements 
of GO/Si dispersions are obtained via methods such as using polymeric surfactants [60], 
chemical functionalization of silicon nanoparticles [61, 62], using functionalized graphene 
oxide [63]. However, GO is a poor conductor, therefore thermal reduction of GO/Si 
composites are generally carried out after dispersion to restore its conductivity [64]. This 
results in reduced graphene oxide (rGO)/Si composites, which can be readily used as Li-ion 
battery anodes.  
Table 2: Summary of graphene/rGO-silicon hybrid electrodes.  SiNP- silicon nanoparticles, 
Gr- Graphene, CR- Capacity retention relative to second cycle discharge capacity, ICL – First 
cycle irreversible capacity loss 
Anode 
architecture 
Method of 
dispersion 
/deposition 
Cycling 
stability 
 
ICL 
(%) 
Size of 
silicon 
(nm) 
Silicon 
loading 
(%) 
Ref 
Si-Gr 
alternative 
multilayers 
 
E beam evaporation ~90% CR 
~1600 mAh g
-1
 
for 30 cycles 
17 100 46.6 [71] 
SiNP dispersed 
between Gr 
sheets  
 
Electrostatic 
Attraction 
>95% CR 
803 mAh g
-1
  at  
100 cycles 
  67.3 [52] 
SiNP 
encapsulated in 
3D Gr network 
CVD 66% CR 
1000 mAh g
-1
 
at 
150 cycles 
 
35.5  81 [69] 
a-Si nanoislands 
deposited in 
porous GO 
network 
CVD 60% CR 
1103 mAh g
-1
 
for 
1000 cycles 
 
7.5 <10  82 [26] 
SiNP- 
multilayer Gr 
composite 
 
Sonication 984 mAh g
-1
 for  
50 cycles 
19.9   [48] 
Si thin film Electrophoretic 87.7% CR 28.1   [72] 
deposited on Gr 
thin film 
deposition/ RF 
magnetron 
sputtering 
 
150 cycles 
SiNP dispersed 
in rGO matrix 
Sonication and 
subsequent freeze 
drying, followed by 
thermal reduction 
 
96% CR 
~600 mAh g
-1
 
at 
200 cycles 
 50-70   [58] 
SiNP/porous 
rGO composite 
 
Steam etching of 
Si/rGO aerogel 
1004 mAh g
-1
 
after 100 cycles 
(59.78 CR) 
 
51.5 <100 ~50 [67] 
SiNP 
sandwiched 
between rGO 
sheets 
 
Sonication, freeze 
drying and thermal 
reduction 
746 mAh g
-1
 
after 160 cycles 
(63.8% CR) 
~20 10-20 74 [59] 
rolled up 
Si/rGO bilayer 
nanomembranes 
 
E beam evaporation 
of Si, spin coating 
of rGO 
 
571 mAh g
-1
 
after 2000 
cycles 
3.3% capacity 
decay per 100 
cycles 
 
51 25  [28] 
Graphene 
encapsulated, 
carbon coated 
SiNP 
Surface grafting of 
PANI in SiNP, wrap 
in GO sheets by 
electrostatic 
attraction and 
subsequent 
pyrolizing  
 
900 mAh g
-1
 
after 300 cycles 
76% CR 
35.6 <50 66 [60] 
SiNP dispersed 
on graphene 
sheets 
magnesium thermal 
reduction of the in-
situ generated SiO2 
particles on 
graphene  
1374 mAh g
-1
 
over 
120 cycles 
 
38 5 82 [70] 
 
Among the reported nanohybrids, the CVD deposited Si backboned porous graphene oxide 
electrode (Figure 1) presented by Ko et al.[26] showed much better cycling stability, with 
average capacity of 1103 mAh g
-1
 for 1000 cycles. This binder-free anode design has a 
silicon loading of 82%, responsible for the high energy density. This composite is featured by 
ultra-small Si islands (below 10 nm), which have superior resistance to cracking and shorter 
Li transport distances, leading to first cycle Coulombic efficiency of 92.5%.  It also 
demonstrates good resistance to SEI formation, due to effective isolation of Si nanoparticles 
from the electrolyte by graphene sheets. However, the CVD technique is generally expensive 
for scalable fabrication of large electrodes for practical applications.  
 Figure 1: Si backboned graphene composite (a) Schematic design (b) TEM micrograph (c) 
XRD characterization of the electrode (d) cycling stability and Coulombic efficiency at 
14A/g current rate. Reprinted with permission from [26] Copyright © 2014, American 
Chemical Society 
 
Another advantage of SiNP-Gr/rGO composites is the ability to accommodate volume 
expansion, benefiting from the nanoporous / mesoporous structures [52, 53, 65-67]. However, 
it is difficult to tailor the pore distribution and the size of individual silicon particles in these 
composites. Therefore, though the total porosity is sufficient to accommodate ~300% volume 
expansion of silicon, local excessive expansion is expected.  It was reported Si-Gr/rGO can 
be used to fabricate binder-free anodes, which in turn enable high silicon loading [68-70]. 
Silicon-graphene multilayered composites can provide effective buffering for volume 
expansion of silicon [28, 71]. Layered composites are generally fabricated using deposition 
techniques such as sputtering, PVD or electron beam evaporation [28, 72]. In such 
composites graphene layers are incorporated between thin silicon layers to provide effective 
buffering for expansion while enhancing conductivity. Higher silicon layer thickness can 
cause cohesive cracking, while lower silicon layer thickness reduces the effective active 
material mass in the anode [10-12, 73]. Mori et al. [71] fabricated Si-graphene multilayer 
composite using electron beam evaporation, and concluded that most effective layer thickness 
is 100nm. One problem assisted with layered composites is absence of Li transport channels 
deeper into the composite. As Mori and co-workers point out in their study, when the layer 
number is increased Li cannot travel long enough to activate all Li-active sites. In their study, 
the 7-layered composite with 100-nm layer thickness showed the optimal performance, 
exhibiting 90% capacity retention up to 30 cycles with a capacity of ~1600 mAh g
-1
.  
Rolled-up Si-rGO membrane anodes (Figure 2) fabricated by Liu and co-workers[28] showed 
excellent cycling stability up to 2,000 cycles, with retained capacity of ~570 mAh g
-1
. The 
Si/rGO bilayer was fabricated on a photoresist AR-P 3510 sacrificial layer. 25nm thick Si 
layer was deposited on photoresist layer using electron beam evaporation, and rGO 
suspension was spin coated on top of it. By selective etching of sacrificial layer, the rGO/Si 
membranes are naturally rolled up, forming a cylindrical void space in the middle. This void 
space provides strain relaxation, while the rGO layer acts as protective and conductive 
membrane. Also the 25nm thick silicon membrane is much resistant to cohesive cracking due 
to small (nano) size [10].  After 2,000 cycles, it exhibited a capacity of ~560 mAh g
-1
, higher 
than the specific capacity of graphite. Also, the rate of capacity decay was lower as 3.3% per 
100 cycles.  
 Figure 2: Anode architecture and cycling performance of rGO/Si rolled up nanomembranes. 
Reprinted with permission from [28] Copyright © 2015, American Chemical Society 
 
In general, significant improvements have been achieved in terms of capacity when compared 
with theoretical limit of graphite (372 mAh g
-1
), Table 2. However, first cycle irreversible 
capacity loss is significant, mainly attributed to formation of solid electrolyte interface. 
Further study is required to investigate the pore structure and how electrolyte interacts with 
the anode. Another problem is gradual capacity decay, which may have caused by continuous 
SEI formation and separation between silicon and graphene due to volume expansion of 
silicon. Also, the critical silicon particle size in carbonaceous matrices is unknown and has 
not been systematically investigated.  
2.2. Amorphous carbon (a-C) based electrodes 
SiNP/amorphous carbon electrodes are fabricated by dispersing silicon nanoparticles in 
carbon black [74, 75] or carbon precursor (E.g.: carbon containing polymers such as 
Polydopamine/PAN, or citric acid, coal tar pitch etc.) [76, 77], followed by thermal treatment 
such as annealing, pyrolizing or carbonization. Magnetron sputtering has been used to 
fabricate a-C/a-Si thin film multilayers [78, 79]. It has been reported carbon pre-coating of 
silicon particles can largely enhance performance of graphene/rGO based silicon electrodes 
[80-82]. Also, amorphous carbon provides effective electrical contact and Li ion transport, 
and acts as a buffer for volume expansion of silicon, significantly improving the 
electrochemical performance of silicon nanostructures. Park and co-workers [75] used an 
ultrasonication based approach to disperse porous silicon nanoparticles in amorphous carbon 
matrix. Porous silicon nanoparticles were fabricated by selective etching of Ti-Si alloys, and 
mixed with carbon black (CB) using ultrasonication. Afterwards, annealing treatment resulted 
in highly dispersed SiNP in amorphous carbon. The anode showed about 83% capacity 
retention for 40 cycles. Chen and co-workers [74] used an emulsion based method, where 
SiNP (~50nm) are confined in a carbon black cage in an oil-based emulsion. After drying the 
emulsion, the SiNP remain in the spacious CB cages. They reported Initial capacity of 1540 
mAh g
-1
; however capacity retention after 50 cycles was only 66%. Wang et al. [77] prepared 
a mixture of coal tar pitch and SiNP, which is stable up to 1000 cycles. However, the silicon 
loading was only 20%, which resulted in only ~400 mAh g
-1 
average specific capacity. Wang 
et al. [76] fabricated amorphous carbon/SiOx double layer coated silicon particles by 
carbonization of citric acid intruded silicon particles. Thin carbon layer enhanced the 
capacity, with 73% capacity retention (1450 mAh g
-1
) after 100 cycles. Tong et al. [78] 
fabricated a-C/a-Si multilayered composites using magnetron sputtering. Relatively thick 
films (1.1μm) showed good cycling performance with a capacity of about 1,900 mAh g-1 at a 
current density of 2000 mAh g
-1
 over 200 cycles. Despite the enhancement of cycling 
stability, several drawbacks are identified in these electrode designs. High irreversible 
capacity of amorphous carbon causes significant capacity loss at the first cycle. Also, as 
demonstrated by Liu et al. [27], amorphous carbon layer might not be robust enough to 
withstand the high volume expansion of silicon, poor structural integrity and severe SEI 
formation.  
Liu and co-workers presented a method to tune individual pore structures in amorphous 
carbon electrodes [29]. Firstly, they fabricated a yolk-shell type anode design where ~100nm 
silicon nanoparticles are encapsulated in a thin amorphous carbon shell, with a precisely 
tuned void space around each SiNP (Figure 3). The gap between silicon particle and carbon 
shell was controlled by using a SiO2 sacrificial layer around SiNP, which was subsequently 
etched. This anode design exhibits high capacity (~2800 mAh g
-1
initial, ~1500 mAh g
-1
 after 
1000 cycles), enhanced capacity retention (74% after 1000 cycles) and high Coulombic 
efficiency (99.8%). In this anode design, the gap between SiNP and carbon shell played a 
critical role, which provided the space for expansion of silicon without disturbing the 
electrode structure.  
 Figure 3: (a) design of Si-C Yolk-shell structures (b) Galvanostatic charge-discharge profiles 
of yolk-shell electrode (c) SEM micrograph of yolk-shell structure (d) Cycling stability and 
Coulombic efficiency of electrode. Reprinted with permission from [29] Copyrights © (2012) 
American Chemical Society 
 
 
Next, Liu and co-workers further improved the earlier discussed yolk-shell design concept by 
introducing a hierarchical structure which was inspired by structure of pomegranate [27] 
(Figure 4). In this design, single silicon nanoparticles are encapsulated in a conductive carbon 
shell, similar to yolk-shell structure, and an ensemble of the yolk-shell structures are 
encapsulated in a micron-size thicker carbon shell. This thicker carbon shell acts as a more-
robust SEI barrier while providing a high electron and Li ion conductivity. The resulting 
pomegranate-like anode exhibits high areal capacity (1720 mAh cm
-2
) after 1000 cycles, with 
97% capacity retention with excellent Coulombic efficiency of 99.8%.  
The recent advancements of amorphous carbon-silicon hybrid anodes are promising, however 
the high first cycle irreversible capacity loss is still an unsolved issue. For example, the yolk-
shell structure showed ~40% irreversible capacity loss at first cycle. Liu et al. [27] 
demonstrated that, the first cycle capacity loss increases with carbon content in the anode, 
and the reason is attributed to the irreversible lithium trapping in amorphous carbon. This 
issue needs further attention, and as Liu and co-workers further point out, pre-lithiation of the 
electrode can be a feasible solution. 
 
Figure 4: (a) Pomegranate inspired structure Si/a-C electrode design (b) SEM figure of 
spherical microbeads, which consist of an ensemble of Si/C yolk-shell structures (c) Enlarged 
view of a single microbead (d) Cycling stability of Si pomegranate structure, in comparison 
of Si/C structure with no void space and bear Si nanoparticles with no carbon addition. 
Reprinted with permission form [27] Copyright © 2014, Rights Managed by Nature 
Publishing Group 
  
2.3. Carbon nanofiber (CNF) based silicon nanohybrids 
Electrospinning of carbon precursor and subsequent carbonization is a simple, cost effective 
and scalable method to fabricate carbon fibres [83]. Several techniques have been used to 
embed silicon active material into carbon fibre, which has proven to be high capacity and a 
better cycling stability. Gómez-cámer and co-workers [84] anchored silicon nanoparticles on 
carbon nanofibers by pyrolysis of resorcinol/formaldehyde polymer particles, and subsequent 
carbonization. It strongly fused the SiNP on CNF surface via SiOx layer, which improved ion 
and electron conductivity. The composite showed initial capacity of ~2500 mAh g
-1
 and 
capacity retention of 500 mAh g
-1
 after 500 cycles. SiNP below 100 nm were robust in 
lithiation, however the main issues included severe SEI formation and irreversible capacity of 
SiOx. Ji et al.[85] embedded silicon nanoparticles inside CNF, by electro-spinning 
Polyacrylonitrile/SiNP solution followed by carbonization (Figure 5a). However, the 
resulting composite showed relatively poor cycling stability as only 51% capacity remained 
from initial value at the 50
th
 cycle. Therefore, this method is not effective enough to prevent 
unstable SEI formation. Dirican et al. [86] used a CVD deposited amorphous carbon on SiNP 
embedded CNF to obtain a better cycling stability. However, agglomeration of SiNP has been 
a major issue and lead to quick capacity decay. Also absence of sufficient void spaced for 
expansion of silicon lead to fracture of carbon fibres [85]. Wang and co-workers [87] used 
electro-spinning to synthesize SiNP/porous CNF composite with improved cycling stability. 
The voids in porous carbon promoted strain relaxation in silicon and improved the cycling 
stability (about 870 mAh g
-1
at 0.1 A/g after 100 cycles).  
SiNP core-carbon shell nanofibers exhibit much more improved cycling stability, due to 
effective isolation of silicon particles from electrolyte, and hollow nanofiber provides 
additional space for Si expansion. Lee et al. [88] fabricated Si core-C shell nanofibers using 
co-axial electrospinning. In the core, a sacrificial material (Styrene-co-acrylonitrile) 
containing Si particles was used, and for the shell, PAN was used as carbonizing precursor. 
Average capacity of 590 mAh g
-1
 was obtained with only 8% degradation after 50 cycles. The 
hollow CNF structure provided effective strain relaxation for silicon nanoparticles. Hwang et 
al. [89] fabricated electrospun SiNP core- C shell nanofiber (Figure 5b), which exhibited 
excellent cyclability for 300 cycles with retained capacity of 721 mAh g
-1
 and negligible 
capacity decay. Zhang et al. [90] reported a facile approach for mass production of SiNP 
core-carbon shell structures by a modified electrospinning method with subsequent 
calcination of carbon shells. The resulting composite could retain high capacity of 860 mAh 
g
-1
for 200 cycles at a current rate of 0.3C. On the other hand, carbon core-Si shell nanowires 
have been also reported [56], where thin a-Si coating are deposited on CNF via chemical 
vapour deposition. Wang et al. [91] studied lithiation of amorphous silicon coated on CNF, 
and observed Li-Si reaction progress from a-Si surface and a-Si/CNF interface (Figure 5c). 
This observation further proves that carbon fibres can act as effective lithium ion carriers. 
However, longitudinal cracking of deposited a-Si was observed with electrochemical cycling.  
Overall, Si-CNF hybrid electrode materials are very promising as lithium battery anodes with 
enhanced electrochemical performance. However the cycling stability should be improved 
further. Also the first cycle irreversible capacity loss is predominant, similar to other carbon 
based nanohybrids.  
 
Figure 5: (a) SiNP embedded carbon nanofibers. Reprinted with permission from [85] 
Copyright © 2009 Elsevier Ltd (b) SiNP/CNF core-shell nanofibers. Reprinted with 
permission from [89] Copyright © 2012, American Chemical Society (c) Sandwich lithiation 
of a-Si thin layers deposited on carbon nanofibers. Reprinted with permission from [91] 
Copyright © 2012, American Chemical Society. 
 
2.4. Graphite based silicon nanohybrids 
Graphitic carbon has also been used to enhance capacity of silicon nanostructures. However, 
a ternary phase is also commonly used in such composites. For example, Chen et al. [92] 
used high energy ball milling to synthesize Si nanoparticle structure coated in B4C and 
graphitic layer which showed excellent cyclability with ~822 mAh g
-1
specific capacity after 
100 cycles at 0.3C rate. Here B4C particles act as a rigid skeleton to alleviate volume 
expansion of silicon. Gao et al. [93] synthesized a graphite based sandwiched nanostructure, 
where Si nanoparticles dip-coated on a nickel foam is covered by a graphite cloth. Enhanced 
electrochemical performance (1800 mAh g
-1
 at 2A/g after 500 cycles) was observed due to 
several reasons. Firstly, Ni welds the silicon active particles into Ni foam providing stable 
structure and the voids in Ni foam accommodate Si volume expansion. Secondly, graphite 
cloth provides fast electron and Li ion transport while acting as a barrier to SEI formation on 
active particles. Zhang et al. [94] used cobalt nanoparticles to improve electrochemical 
performance of silicon nanoparticle-graphite electrodes.  Cho et al. [95] used nitrogen doped 
graphite with silicon nanowires, and they found increased charge capacity with N doping. 
The reason is believed as large Li storage capacity through dangling bonds in doped graphite 
structures.   
 
Figure 6: Carbon based multiphase composite made of Silicon nanoparticles, Carbon 
nanoparticles and Graphene. Reprinted with permission from [23] Copyright © 2012, 
American Chemical Society. 
 
2.5. Composites of silicon with two or more types of carbonaceous materials 
Carbon-based multiphase composites consisting of different carbonaceous materials have 
been reported. For example, carbon coated of silicon nanoparticles are embedded in graphene 
[80-82] or CNF [96]. Wu et al. [97] incorporated SiNP in a porous carbon layer composed of 
N-doped C framework, CB and CNT. This structure is further sandwiched by graphene sheets 
and a maximum reversible capacity of 1020 mAh g
-1 
and 75% capacity retention was 
achieved after 100 cycles. Also, Wang et al. [98] fabricated a Silicon 
nanowire/graphene/CNT network structure where CNT is mechanically binding silicon 
nanowires while graphene acting as a protective layer.  
In another study by Hwang and Choi [99] a Si-Cu Quantum dot/graphene layer structure was 
fabricated using electrophotoresis, and a Cu3Si interlayer was formed via subsequent 
annealing. The Cu3Si interlayer exhibited a dual functionality as conductive and buffer layers. 
Further, Li-active CuO phase is also formed in connection with Cu3Si, provided additional 
active vacancy sites for Li ion migration. Further, the layer structure is binder-free, with 
increased gravimetric anode capacity. Zhou et al. [24] reported a Si/Carbon 
nanoparticle/graphene structure prepared by simple mixing of SiNP/GO/Carbon nanoparticle 
followed by thermal reduction (Figure 6). In this composite, carbon nanoparticles could 
effectively connect SiNP to conductive network, while graphene sheets improved structural 
integrity. The resulting composite showed ca. 1521 mAh g
-1 
capacity at 0.2C over 200 cycles.  
2.6. Effects of carbonaceous materials on capacity enhancement 
As above, it is clear that the capacity enhancement by carbonaceous materials mainly 
depends on the electrode architecture. In general, the enhancement of electrochemical 
performance can be attributed to the following reasons. 
(i) Increased electron and ion conduction paths into silicon active materials:  
Electrochemical reaction inside a silicon anode in lithium battery can be described by  
Si + xLi
+
 + xe
-
  LixSi   (1) 
To achieve an acceptable rate, silicon active materials should be electrically connected to 
current collector and Li ions have to transport to the active material surface at a sufficient 
rate. Carbon based materials are superior conductors, thus the 3D conductive network formed 
by carbonaceous phase provide the effective electrical contact between current collector and 
silicon particles, even without the conductive binder. Also, carbon based materials can 
intercalate Li ions [42, 45, 100], thus they can transport Li ions effectively inside the anode. 
Therefore Li ions can be effectively transported to the active material without 
electrolyte/active material contact. Furthermore, the carbonaceous matrix provides additional 
lithiation capacity to the anode, which in turn increases the energy density.  
(ii) Buffering volume expansion of silicon and maintaining structural integrity:  
High volume expansion of silicon leads to structural changes in the anode, which can lead to 
electrical isolation of active particles from the conductive network. The strong and flexible 
mechanical support provided by carbonaceous materials can maintain the structural integrity 
of the conductive network. Also, the force exerted on the silicon from the surrounding carbon 
materials can buffer the expansion of silicon.  
 
Figure 7: Lithiation induced neck flattening (a) In situ TEM observation of lithiation of 
carbon coated silicon particles (b) Illustration of lithiation induced contact flattening. 
Reprinted with permission from [101] Copyrights © (2012) American Chemical Society 
 
(iii) Preventing contact between silicon active particles:  
Agglomeration of silicon particles can happen in anodes due to electrochemical sintering [25, 
50, 101], Figure 7. This can result in high stresses, longer Li conduction paths and electrical 
isolation, and quick capacity decay. Si-C layered composites inherently prevent the contact of 
silicon membranes; however, in Si nanoparticle composites special care has been taken to 
prevent agglomeration. For example, covalent linkages are introduced to silicon particles to 
anchor silicon particles into graphene sheets, thereby preventing agglomeration [61, 102].  
(iv) Preventing electrolyte-silicon contact to prevent unstable SEI formation:  
A major reason for irreversible capacity of silicon is the formation of solid electrolyte 
interphase (SEI) due to decomposition of electrolyte on silicon surface [103]. High volume 
expansion of silicon makes this more significant as it continuously create fresh silicon surface 
[22]. Encapsulation of silicon in carbon based materials is an effective way to protect the 
silicon from SEI formation without affecting the electron and Li ion conductivity. The SEI on 
carbonaceous materials is a relatively stable and protective, which does not deteriorate 
battery performance [104]. 
 
Figure 8: In situ TEM observation of lithiation behavior of silicon-carbon yolk-shell 
structures. (a) Schematic diagram of in situ TEM nano battery device (b) In sit TEM lithiation 
of silicon particles, which clearly demonstrate that the expansion of silicon particles is 
accommodated in the void space in carbon shell, without changing the shape or rupturing the 
shell. Reprinted with permission from [29] Copyrights © (2012) American Chemical Society 
(v) Introducing void spaces for strain relaxation:  
The well-known volume change in silicon upon complete lithiation is estimated to be ~300% 
[105], which can electrical disconnection between silicon and carbonaceous matrix. 
Introducing void spaces around silicon has been proven to be a much effective way to 
accommodate the expansion. For example, porous structures designed with silicon 
nanoparticles encapsulated by amorphous carbon can reduce lithiation induced strains [29], 
Figure 8. 
(vi) Possibility of fabricating binder-free anodes:  
For the active materials in powder form, such as silicon nanoparticles, the anode is fabricated 
by slurry coating of a mix of active particles such as carbon black and conductive polymeric 
binder such as PVDF, where the active particle loading is kept about 20% slurry weight. In 
this case, a large portion of anode is occupied with the binder which does not contribute to 
the capacity. In contrast, binder free anode architectures such as carbon based nanohybrids 
enables higher Si particle loading. For example, silicon loading over 80% is achieved using 
graphene-silicon nanohybrids [26, 69] 
3. Electrochemical performance of carbon-silicon nanohybrid anodes 
Most of the reported electrode designs show initial discharge capacity between 1000 mAh g
-1
 
3500 mAh g
-1
, as shown in table 3. This is a significant improvement when compared with 
theoretical limit of graphite, which is only 372 mAh g
-1
. It should be noted that not only 
silicon, but also the carbon phase contributes to the capacity of the electrode [100]. Also, 
carbon based nanostructures exhibit enhanced cycling stability when compared to pristine 
silicon nanostructures. For example, silicon nanowires directly grown on the current collector 
can deliver initial cycle capacity of 4,277 mAh g
-1
, but has with very limited cycle life [13]. 
In contrast, carbon-silicon nanohybrids can deliver capacity values lower than pristine silicon 
but much higher than that of graphite, with prolonged cyclability. Several silicon-carbon 
nanohybrids have reported to be stable after 1000 cycles [26-29].  
Despite these significant improvements, there are still a few challenges. One major problem 
is irreversible lithiation, which is mainly attributed to solid electrolyte interface 
formation[103, 106]. Irreversible lithiation is prominent during the first cycle, especially for 
nano scale materials with high surface area. Comparing initial Coulombic efficiency (CE) 
gained for different systems (Table 3), it is clear that first cycle irreversible capacity loss can 
get high up to 50% of the initial discharge capacity. It is not suitable for practical applications 
since it can reduce overall lithiation capacity by consuming already limited lithium supply 
from the cathode. Initial CE higher than 90% has rarely been reported. Also, it is evident that 
the irreversible capacity loss is not highly dependent on carbon type. It is rather depending on 
the electrode design, and the extent to which the carbon phase actually encapsulates silicon 
nanostructures to supress the SEI formation.  
It should be noted that the SEI formation on carbonaceous phase also participates in the 
irreversible capacity loss [106]. For example, Liu et al. [27] tested the same electrode 
architecture with 9% and 23% carbon, which delivered the initial Coulombic efficiency of 
82% and 75%. Hence it is clear that only prevention of SEI formation on silicon is not 
sufficient. The irreversible capacity loss arise from carbonaceous phase also should be 
minimized. After few initial cycles, Coulombic efficiency generally is high as ~99%. On a 
different note, a completely opposite phenomenon was observed in some electrode designs, 
where there is a capacity gain in first few cycles [26, 52, 58, 63, 93, 99]. This is attributed to 
lithiation-induced structural changes for more active sites for lithiation.  
Table 3: First cycle discharge capacity and Coulombic efficiency of different carbon based 
silicon composite electrodes.   
Electrode 
materials 
First cycle 
discharge capacity 
(mAh g-1) 
First cycle Coulombic 
efficiency (%) 
Reference 
Si/Gr 2731 56 [69]  
Si/Gr 2858 92.5 [26]  
Si/Gr 2782 80.1 [48]  
Si/Gr 2204 71.9  [72]  
Si/rGO 2312 54 [58]  
Si/rGO 1405 80 [59]  
Si/rGO 2250 64.4 [62]  
Si/rGO 1750 62 [70]  
Si/a-C 2531 80 [79]  
Si/a-C 2350 82 [27]  
Si/CNF 967 53.9 [88]  
Si/CNF 1327 71.1 [86]  
Si/CNF 2320 88 [30]  
Si/CNF 2071 71.7 [87]  
Si/CNF 2314 60.2 [90]  
Si/Graphite 2140 92 [95]  
Si/Graphite 2900 71 [93]  
Si/C/graphite 2959 64.7 [24]  
Si/C/rGO 3877 48 [31]  
 
Improvements achieved so far for cycle life and capacity maintenance is promising, however, 
in most of the composites gradual capacity decay occur during prolonged cycling. Apart from 
continuous solid electrolyte formation, other factors might contribute to capacity decay, such 
as electrical isolation of silicon particles due to the structural changes during volume 
expansion. Up to now, the critical size of silicon nanostructures in carbonaceous network has 
not been well identified. Also, the reported critical sizes reported for different silicon 
structures are quite different. For example, ~300nm for silicon nanowire [20], ~150nm for 
crystalline silicon nanoparticle [107], 870 nm for a-Si nanospheres [105] and 2.3µm for 
amorphous silicon nanopillars [108] were reported. Kim et al. [109] demonstrated that silicon 
particles above 10nm showed volumetric growth after electrochemical cycling. Certainly, 
silicon particles in carbonaceous matrices might exhibit different behaviour with buffering 
effect of the matrix. Also it is recently demonstrated that amorphous silicon structures are 
much more mechanically robust in lithiation than its crystalline counterpart [76, 108, 110].  
Overall, more research efforts are needed to understand the failure mechanisms and reasons 
behind the capacity decay over cycling. However, failure analysis of the carbon-silicon 
nanohybrid materials is challenging due to the complexity of the structures.  
Another major issue is low rate capability of these hybrid electrodes. Most of the claims on 
longer cycle lives are based on lower current rates less than 200mA/g. Figure 9 shows a 
comparison of rate capability of different electrode designs. It’s clear that high charging rates 
lead to much lower lithiation capacity. Lithiation kinetics of silicon is another topic of 
interest to lithium battery researchers. It has been recently reported lithium diffusion into 
silicon is the rate-limiting step for lithiation kinetics [105]. Therefore, the rate capability 
strongly depends on the Li ion diffusion distance into silicon active material. In principle, the 
rate capability can be improved when the size of silicon particles is reduced. Confirming that, 
the silicon/graphene hybrid reported by Ko et al. with silicon particle size <10 nm showed 
much higher rate capability exhibiting over 1000 mAh g
-1
 capacity at a much higher current 
rate of 28Ag
-1 
(ref -[26] in figure 9).     
 
Figure 9: Capacity variation of Si-C nanohybrids at high current rates  
 
Moreover, the capacity and the cycling stability greatly decrease with active material 
thickness. High active material loading is generally needed to achieve high energy density 
based on total weight and volume of the Li ion cell. Liu et al. [27] achieved stable cycling 
over 100 cycles for high active material mass loading of 3.12mgcm
-2
. Certainly, further 
improvement in stable cyclability with high areal capacity is needed. In general, portable 
electronics require 80% capacity retention over at least 500 cycles, and for electrical vehicles 
the demands are much higher (at least 3000 stable cycles). Even though the current progress 
is promising, further improvements are required to meet these expectations. 
Also, it should be noted that the cycling stability of these anodes is generally tested using a 
half-cell, with a Li foil as the counter electrode. However, its performance can be quite 
different as compared to a full cell. Even though these anodes show high gravimetric 
capacity, existing cathode materials are still not capable of matching this capacity [111]. 
Accordingly, extensive research has been carried out to improve the cathode materials but 
that is out of the scope of this review. To evaluate full cell performance of Si-graphene 
composite, Sun et al. [53] fabricated a Li-ion full cell using LiMn2O4 cathode which showed 
600 mAh g
-1
capacity retention over 30 cycles. They believed the poor performance can be 
attributed to the limited supply of Li ions from the low-capacity cathode.  
4 Conclusions 
Hybridization with carbonaceous materials such as graphene, reduced graphene oxide, 
amorphous carbon or graphite can greatly enhance electrochemical performance of 
nanostructured silicon anodes for lithium battery anodes. In such nanohybrids, carbonaceous 
phase provides not only effective electron and Li ion transport, but also mechanical support 
and buffer volume expansion of silicon. Most importantly, carbon based materials act as 
effective barrier to prevent the formation of unstable solid electrolyte interphase (SEI) on 
silicon. Electrochemical performance of these structures mainly depends on electrode 
structure. To design silicon-carbon nanohybrid anodes, the attention should be paid to 
realization of (i) mechanically robust silicon nanostructures, (ii) smallest possible Li ion 
diffusion paths in silicon nanostructures, (iii) mechanically robust electron and lithium ion 
transfer network which does not undergo disconnection due to volume expansion of silicon, 
(iv) 3D carbonaceous network to ensure all the silicon structures are actively participating in 
lithiation, (v) complete isolation of silicon active materials from the electrolyte to prevent SEI 
formation, (vi) tailored pore spaces around each individual silicon particles for strain 
relaxation, (vii) carbonaceous phase with minimal irreversible lithiation, and (viii) optimal 
silicon active particle loading. To this end, there are several technical problems to be solved. 
Firstly, simple, cost effective and scalable nano synthesis techniques are required to achieve 
well-controlled nanoscale electrode architectures. Secondly, more efforts are needed to 
minimize irreversible capacity loss caused by carbonaceous structure due to solid electrolyte 
interphase formation. Thirdly, a thorough understanding of lithiation kinetics in silicon active 
materials is needed to improve rate of lithiation in silicon nanostructures. Nevertheless, 
silicon-carbon nanohybrid anodes have demonstrated as promising approaches in 
development of next generation lithium battery systems. 
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